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 Origin of EW symmetry breaking

 Hierarchy problem (Neutrinos)

 Dark matter in the Universe

» Neutrino mass and mixing issues

* New Models, SUSY, Extra dimension models, various Higgs
models

Of relevance to this talk

Charged LFV, cLFV, is sensitive to various BSM, so even if something
IS seen at the LHC, investigation of cLFV processes can help to define
the physics
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e Muons:

A Long-standing tool for precision tests

- = >

1. Determination of SM parameter
Lifetime (Fermi constant)

2. Test of SM:
Muon (g-2)
Michel parameters in muon decay
Capture rates
3. Searches for new symmetry breaking:
Possible cLFV processes

_|_
y
+ete—

pt—e
pt—e
W~ — e~ conversion in nuclei

muonium-antimuonium conversion

4. Muon EDM
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Muon cLFV Compared to SU(5) SUSY-GUT U
(only a few orders of magnitude below experimental limits)

e

Process Current SUSY-GUT

Limit level
uN—-eN 7 x1013 10-16

W. Bertl, et al

EPJ C47(06)337
n—ey 2.4 x101? 1014

J. Adam, et al

PRL 107(11)171801
T Uy 4.5 x108 10-°

K. Hayasaka, et al

PL B666(08)16
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Muon-to-Electron (pn-€)

Conversion

Lepton Flavor changes by
one unit
-Coherent Conversion-
nw+A—oe+A

[ N—=e N)
[(pg N—=vl¥)

Blu N—eN=

n Decay in Orbit (DIO)
w—evy
Nuclear Capture Experimental Advantages
u-+ A v+ [N Copious muons
+(A-1)] Long lifetime
No coincident accidentals

High energy electrons
Redundancy

7/21/12 Lepton Flavor ViolatiGn




The SINDRUM-I1 Experiment L a

/

By~ +Ti— e +Ti) <43 x 10712

A axil beam salamnoid F innear drill chambar im — 10 ? D A” €- from target
ggmu targe G outer drift chamber i § ] ] Prompts removed
D satilator hodoscape 1 hemmoath 0 2 10 3 ] B Cosmics removed
E Cerenkov hodoscopa  J mag.net yoke o s p 3 Q Simulated signal
| 5 5 10%3
. =(FL — | c ]
...... Y, 1) WIS D e E — 1
‘A e 2 100 5
(&) E
B ™ 3 e 3
— C — c 1 +
: - | @
T | rxwrsreewr § 5
é L | : | ' ol Y | g
SINDRUM Il E} 70 80 90 100 110 120
8 electron energy (MeV)
Ry 10° e T e e e e
INDRUM-II used a COﬂtanOUS mUOn 3102 gg / ............. .......................................... .....................
beam from the PSI cyclotron. A beam- 5 10s LHIi )
eto counter was used to eliminate beam| | & 1. —
related background. This does not work ol ;&f T
t high rate. é 1
10-25_ ﬁ\q//t‘ ........... , ..................
10'?0_0' ~ 401 102 103 104 105 '1<i)6' 07
7/21/12 Lepton Flau Electron Momentum (MeV/c)




To reach Higher Sensitivity

1) Reduce Beam Associated Background
Pulsed beam using u lifetime

2) Increase n Stopping

High Intensity Pion Production

Trap =, |, and decay electrons in Continuous Solenoids
3) Improve Electron Energy Resolution and Timing

Better Tracking Detectors
4) Redundancy, Redundancy, Redundancy

These ideas are obvious and were contained in MELC and MECO
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Muon Production at FNAL

N anti-proton complex —
Recycler Ring Muon campus
ff N G-2 and NOVA operations
~ Recycler to P1 connection r Ring Revolution (1694 ns) —
and Extraction Kicker /T
‘ T(Al) = 864 ns
W 4 ~ | Mu2e Beam —
) KlOlvAinjection 8 GeV - 8 kW
P kicker P
| g 3.7x107 p/1.7 ps
Debuncher Ring . . ' \ WRon Campus

Beamline

i

iy,

Debuncher
Ring

7/21/12 Lepton Flavor Violation 12




Micro-bunching to remove

background

< 1,694 ns

~3x107 p/bunch Prc_)ton Iea.ks I?etween
spills (Extinction)

100 ns covered in the next talk

700 ns Detector live

N N T N T N A T I I
Inter-bunch / | s |

extinction ~10-°

Spill Repetition set by muonium capture time
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MuZ2e Apparatus at FNAL

Production Solenoid Proton Beam

Detector Solenoid
Transport Solenoid =

— —ma
/ _‘(f ﬁ"*'l 3 . :
- o _j_-..--.,.. 'V“.. ." :
s n.'%‘ ~ Stopping target 3

Y/ Al {i:

Production Target Calorimeter

Tracker

Beam related background reduced by beam pulsing using
delayed measurements (MELC; MECO).

Continuous Solenoids capture muons, transport them, and
analyze decay electrons
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Production Solenoid

- Proton Beam
8 GeV
Require high A g
Excellent conductivity MUons
High melting temperature

Wrod 16 cm 06 cm D

Target/_m]
/

|} 1
0 200 100 600

» Alarge muon yield can be achieved
by a large solid angle, pion-capture,
high- field solenoid surrounding the
proton target.
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Transport Solenoid

TS2

otatable Collimator, Antiproton Stopping

/Anti-protons removed by Be foil

TSd

Rotatable
Collimator

TS4

-bar window

Partially Removed

R24.00 cm

0.10-0.20 cm Gap
0.80 cm Wall

1.00 em

R15.00 cm

Momentum dependent drift

perpendicular to the bend plane

-Momentum Selection-

Rotatable Collimator
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Detection Solenoid

Gradient Field Uniform Field

4 Meters 7.7 Meters

« 2 Solenoids, connected Mechanically and Electrically in Series.
« Gradient 2T-> 1T : Uniform Solenoid 1 Tesla for Tracking Detector.
« Conductor Al stabilized Rutherford NbTi Cables.

« Al outside Support Cylinder. Cold Mass 17 tons & Vacuum Vessel 33 tons
* lron Yoke ~770 m. tons.

Yamada - Mu2e Solenoid 18



Field Gradient

* Remove magnetic traps
« Push particles down stream

Bz
———ff-start(0.7)

ff-end(&6.7)
grad-end(-0.5)

] I & orad=start{=3-5)
\ TS-end(-3.77)
| 1la irom-end(-4. 6] .
\ ironend(7.86)
] 4l = caoil end(7.56) N
s t S
a 1 2 3 4 =1 = 7 =} =
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i
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Positive gradient traps pions in a magnetic
bottle which decay to muons during the
“Detector Active” time window

Simulation shows 2 trapped muons/10/ p >
700 ns with p>75 MeV/c yields e ~>105 MeV
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Yield per Stepped Muon

\ (L,p2n) x 10
}

Stopping Target

Al stopping target
17 0.2 mm foil
Spaced by 50 mm

Stopg

L)
=
w

Perhaps replaced

by vanes

Proton Absorber

e
=

letic Energy of GeneratediProtons

et
=
S

j\ (“9p)

Mn Co As Zr Cs Bil

IR S N T P :

6 9 12 15
Couloumb Barrier (MeV)

~0.15 protons emitted per p
capture

Energies peaked around 5 MeV.
Large contribution to background.
Proton absorber to remove
Neutron emission also a problem

e
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0.5mm Poly
210 cm long
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Electron Tracking Calorimeter
(Straw Planes) Vane

1 2 planes/station
| 18 stations/detector

50 straws/layer

-1 2 layers/panel

6 panels/plane

2 planes/station

18 stations/detector

21,600 straws
0.6-1.6m straws
0.5mm diameter Straw Gas Ar/CO,: 80/20 Electron Resolution -
12 um wall égon“? rrp])osmon .
0.20 um W sense wire > ime o TSGR
10>710.0 nsec
Perpendicular momentm| = e
L T 50 eowiad RMS =
Parallel momentum nivd P — 0.38 MeV
2°°f7f f// ol
o f -
i \ 200
200 \ . -
E\ AN 100F
-400 - \\\\ ) F

00— - R T Y

R e b e MeV
L] I—ep -600 400 -200 0 200 400 600
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e or PC boar ~
[Y / Cable or PC board ?

X}7 Sl aper
_<*

G S
N A A .
[ NS NS N7 %
Readout Controller

{}
L

paq | Optical Link

A
iy A >
v o S

Discrete

ASIC

FPGA, DSP, ...

Amplitude 8 bits -
Select track if a MIP
zero suppressed
Timing -
~c 35 ps both ends
position ~1cm
Controller (1 per panel-100straws)
Time Stamp
Data buffer
Sets front end functions
Data transfer to DAQ

Rates are high - 300 Mbyte/s
218 controllers
Background hits need pattern

recognition

Lepton Flavor Violation
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Calorimeter

A JH\\"»\

APD readout
Cooling not decided

Crystal

Density (g/ cm3)
Radiation length (cm) X
Moligre radius (cm) Ry

Interaction length (cm)

dF/dx (MeV/em)

Refractive Index at Apax

Peak luminescence (nm)

Decay time 7 (ns)

Light yield (compared to Nal(T1)) (%)

Light yield variation with temperature(% / °C)
Hygroscopicity

7.28
1.14
2.07
20.9
10.0
1.82
402
40
85
-0.2
None

rmrciric

= (2120.D% & (3.6 + 0.3)%

pr— 7 % (2 nr\i/({‘:l %% ’
sm T £ - Sof% o @a o
0.9 - S i E - &g ¢ (3.0 = 0.1)7%
20 & s5F °
07 5 ,f

' 2 4 F St .
13.0 &’ -
3 =

2.20 2 :
420 E 2 E_ : EAaCtawnh 4% of smearing
30, 10 = 1 ’
03,01 O:unlnnluI....l|1|||||.44L|1|||||
25 50 100 150 200 250 300
None Ebeam IMeVI

LEP[UII FTAVOT VIOTAUTOTI

—_—J



Veto-T

- Readout
Manifold

Magnet Iron

Solenoid .———.
s NS

Top Module

Veto-L

1m

Veto-R

Support pillars

End View of the CRV

Modules organized into 6 sectors: _
Right (R), Left (L), Downstream (D), = :

am View of
Upstream (U), Top (T), Bottom (B) the CRV

Veto-U
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Timing System DAQ

Detector

—— Detector Solenoid

Data Transfer Controller

1
Output |

X Switch 1
1 1
] 1
1 1
I 1
I 1
1 1
1 1
1 1
i 1
1 1
I 1
1 1
1 1
2 1
1 1
I 1
1 1
1 1
1 1
1 1
i 1
1 1
1 1
: EVB Network 1
_________________________________________

Lepton Flavor Violation

25



6/27/201

Data Rates

The total DAQ data rate is estimated at 30 GBytes/sec

Tracker 21 GBytes/sec

Calorimeter 5 GBytes/sec

CRV 3
GBytes/sec

Extinction Mon, etc 1 GByte/sec

At 155K pBunches/sec, the average uBunch size is
estimated at 200 KBytes (~140 KBytes from Tracker).
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#‘i' Example of Endpoint Spectrum showing

U_&

Reconstructed momentum
- 4
S e 7.56e+17 stopped muons |— DIO
g 15 E_ 1 I 1e-15 Conversion Rate |—— Conversion
X 0.577<tan(4)<1.000 103.50 MeVic < P < 104.70 MeV/c
g a| 10>710.0 nsec DIO integral = 0.201+ 0.052
@ nactive>=20 _
é 26 t0err<i.5 Conv. integral = 24,365 + 0.335
- fitmomerr<0.2 : :
2 fitcon>1e-4 :
5 ‘ DIO Electrons : )
e b ; N 5 Conservation of ENERGY
e ﬂt } 4Ty hy 5 and MOMENTUM
o ++ ; ++++Jr é—/ requires a narrow peak near
= ++ s ! the muon mass of 105 MeV
0.5 + HH+ : ++ :
- g ,m«i’w + ; !
— - . M,Mf;‘ +N ’-+++ + . th
s o S e ORI
.—lllllllllllllllllllIlllllllllllllllllllllll!lllll
101 1015 102 1025 103 1035 104 1045 105 1055 106
MeVic
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Signal Sensitivity L -
v
B(u+ Al e + Al S -
— £ ~
NM - ” N‘u . fmp . Aeﬂ
number of stopping
muons (1yr) 1.9x10Y/
feap Total Protons/yr 1.2 x 10%°
fraction of muon Muon Transport 0.0016
captures (0.6 for Al) Muon Capture 0.61
Ac 17
detector acceptance 0.05 # Muons Captured/yr 1.1 x 10

For a 3 year run

1

Blu™ +AlL »e” +4D) =15 907 x 0.05x3

=56x10"17
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Predicted Sensitivity

Parameter

Running time @ 2 x 107 s/yr.

Protons on target per year

u- stops in stopping target per proton on target
u- capture probability

Fraction of muon captures in live time window

Electron Trigger, Selection, and Fitting Efficiency in Live Window

Single-event sensitivity with Current Algorithms

Goal

0.10

5.6 %107

24 x 107"

Lepton Flavor Violation
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Background Background Error Reference Justification
Estimate Estimate

Muon decay-in-orbit 0.22 +0.06 2085 Acceptance and energy loss
modeling, spectrum
calculation; reconstruction
algorithm

Cosmic Rays 0.05 +0.013 CDR Statistics of sample

Radiative Pion Capture  0.03 + 0.007 2085 Acceptance and energy loss
modeling

Pion decay In-Flight 0.003 +0.0015 2085 Cross-section, acceptance
and modeling

Muon decay In-Flight  0.01 +0.003 2085 Cross-section, acceptance
and modeling

Antiproton Induced 0.10 +0.05 2121 Cross-section, acceptance
and modeling

Beam electrons 0.0006 +0.0003 2085 Cross-section and acceptance
(this 1s an upper limit)

Radiative muon capture <2x 10° - 1230 Calculation

Total 0.41 +0.08 2085 Add in quadrature

LTUTI

30



Muons are long-standing tools for precision test in particle physics.

We expect new physics beyond the SM to appear at TeV scale.

* Lepton-flavor is not necessarily conserved in many models, and
non-observation of cLFV processes is a puzzle.

* cLFV studies may reveal hidden flavor symmetries or even physics beyond TeV-
scale physics.

* Even if new particles are seen at LHC, cLFV can help define the physics

* If SUSY, we may access origin of neutrino mass or SUSY GUTSs.

 Cosmological implications

7/21/12 Lepton Flavor Violation
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=~ o “ . cy sncs 99
95 I Dwell in Possibility LU -
V@

‘i
This is a title of a poem by Elizabeth Barret

Browning.

While it was not written to address Subatomic Physics
It is a fantastic title that expresses how | feel about the
present status of Particle Physics.

far beyond our imaginations, offering exciting
mysteries to explore from the very small to the very

large, from the present epoch to the dawn of creation
Itself.
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Possible Happy Hunting
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Relative Energy Difference
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